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Abstract. Solar axions could be converted into x-rays inside the strong magnetic field 
of an axion helioscope, triggering the detection of this elusive particle. Low background 
x-ray detectors are an essential component for the sensitivity of these searches. We 
report on the latest developments of the Micromegas detectors for the CERN Axion Solar 
Telescope (CAST), including technological pathfinder activities for the future International 
Axion Observatory (IAXO). The use of low background techniques and the application of 
discrimination algorithms based on the high granularity of the readout have led to background 
levels below 10 -6 counts/keV/cm 2 /s, more than a factor 100 lower than the first generation 
of Micromegas detectors. The best levels achieved at the Canfranc Underground Laboratory 
(LSC) are as low as 10“' counts/keV/cm 2 /s, showing good prospects for the application of 
this technology in IAXO. The current background model, based on underground and surface 
measurements, is presented, as well as the strategies to further reduce the background level. 
Finally, we will describe the R&D paths to achieve sub-keV energy thresholds, which could 
broaden the physics case of axion helioscopes. 


1. Micromegas for axion searches 

Axions were proposed to solve the strong-CP problem more than 35 years ago by R. D. Peccei 
and H. R. Quinn[T]. Now, they are still the most compelling solution, and one of the few viable 
candidates to compose the dark matter. Axion helioscopes mm aim to detect solar axions by 
their conversion into x-rays (1-10 keV) in the presence of strong magnetic fields. The CERN 
Axion Solar Telescope (CAST)|H El Ej is the most powerful implementation of this technique so 
far, setting the most stringent limits on the axion-photon coupling constant g ai for a wide range 
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Figure 1 . The CAST microbulk Micromegas readout parallelizes 6x6 cm in 120x120 strips 
(left). Detector sketch showing the main components of the detection chamber (center). The 
x-ray window is a gas-tight, 4 /irn. aluminized mylar foil glued on a spider-web patterned copper 
strong-back that withstands the differential pressure to the magnet vacuum system (right). 


of axion masses BM- The future International Axion Observatory (IAXO) aims to increase the 
sensitivity to the axion-photon coupling constant by 1-2 orders of magnitude mm* 

The sensitivity of an axion helioscope can be considered in terms of four main ingredients 
(magnet, optic, x-ray detector, exposure) of such an experiment as g a - f oc & 1//2 e _1 x s 1 ' 2 e~ 1 x 
(BL)~ 2 A~ 1 x t -1 / 2 [9], Here, t is the exposure time, L and A are the length and cross-sectional 
area of the magnet, B the intensity of the magnetic field, s and e D are the focusing spot area 
and efficiency of the x-ray optics, and b and e are respectively the background level and signal 
efficiency of the x-ray detectors. 

Therefore, high-efficient low-background x-ray detectors are mandatory for an axion 
helioscope. Microbulk Micromegas (MM) x-ray gaseous detectors [lQj are currently used to equip 
three of the four CAST magnet bores, and they have been proposed as the baseline detector 
technology for IAXO (figure [l]). The choice of this technology is based on several properties: a) 
the readout is highly granular, allowing a strong background suppression based on the different 
topology of the x-ray signal (point-like) and the gamma and muon background (extended, 
non-symmetric tracks) |11| : b) all the detector components are carefully chosen to have low 
radioactivity, including the Micromegas readout, whose radioactivity has been measured in a 
high-purity germanium detector in the Canfranc Underground Laboratory (LSC) [12], c) active 
and passive shielding techniques can be applied as in rare event searches; d) their manufacture 
relies on a consolidated technique that guarantees the stability of the readout over long running 
periods; high and uniform gains are achieved, and good energy resolution (12% FWHM at 
5.9 keV) can be reached [T3- HTj. 

The integration of an x-ray focusing device with a low background MM detector is presented in 
section [2] The latest background levels achieved in CAST-MM detectors HHj and in the Canfranc 
Underground Laboratory make the MM technology an excellent candidate for accomplishing the 
IAXO requirements, namely 1CU 7 — 10 -8 keV _1 cm _2 s _1 in the energy range of interest (Rol). 
The current background model and the strategies to further reduce the background level are 
presented in section [3j while in section [4] some research paths for lowering the energy threshold 
are presented. 
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Figure 2. Sketch of the CAST detection line composed of a low background MM placed at the 
focal point of an x-ray telescope (left). Intensity map of a regular 55 Fe calibration (right-up) 
where the shadow of the strong-back is observed. The same is represented for x-rays coming 
through the optics from a source placed 13 m away (right-down). 


2. MM and x-ray optics 

The helioscope technique can be enhanced by the use of an x-ray focusing device, increasing the 
signal-to-background ratio and thus the sensitivity. A new dedicated x-ray optic was installed at 
one end of the CAST magnet in 2014, with a low background MM at its focal plane. On top of 
increasing CAST’s sensitivity, it is a demonstration of the techniques proposed in the conceptual 
design report for IAXO PJ. The line is composed of a ~5 cm diameter, 1.3 m focal-length Wolter 
I x-ray telescope (XRT) and a shielded MM detector made of radiopure components (figure [2| 
left). For the first time, the telescope has been specifically designed for axion research using 
NUSTAR technology [TO [TTj . 

This line was successfully commissioned shortly after its installation at CAST, and it is 
currently looking for solar axions. Figure [2] (top-right) shows the intensity map registered by 
the MM detector produced with a regular 5 ' 5 Fe source placed behind the x-ray optic. The 
intensity map produced in the MM detector by an x-ray source focused by the telescope is 
shown in figure [2] (bottom-right): it approximately defines the region where the axion signal is 
expected. The increase in sensitivity due to the x-ray optic focusing is roughly estimated as 
a factor 5 — 8. A detailed paper reporting the design, operation and results of the MM+XRT 
system is in preparation, as well as a more technical paper on the x-ray focusing device. 

3. CAST-MM background model and strategies for reduction 

The application of background suppression techniques, the reliability of the microbulk 
technology, the upgrade of the readout electronics and the tuning of the rejection algorithms 
led to a level reduction of more than two orders of magnitude in CAST-MM detectors over the 
last ten years (figure § mm- The current background level is below 10 6 keV 1 cm 2 s 1 
in the CAST Rol m- The corresponding background energy spectrum is characterized by a 
fluorescence peak at 8 keV (from copper K a emission), its escape peak at 5 keV and by the 
argon K a emission line at 3 keV (figure [3]). The operation of a replica of the detector in the 
LSC sets a level as low as MO -7 keV -1 cm _2 s -1 , almost at the required IAXO levels. 

Further background reductions depend on the identification of the source of the remaining 
events and on the application of the necessary techniques to minimize them. The current 

































10 J 



i0' 8 r 

11/2002 12/2006 01/2011 01/2015 

date 



Figure 3. Evolution of the background level in CAST, the limit obtained in the LSC and IAXO 
goals (left). Background energy spectrum of the CAST line in 2014 (right). 


Contribution 

Level (keV _1 cm _2 s^ 1 ) 
Before After 

Reduction technique applied 

Gamma flux 
Radon 

Cosmic muons 
A1cathode 

7X10 -3 Negligible? 

8 x 10 ~' N egligible 

2xl0 -6 7x 1CT 7 

5 x 10 ~' N egligible 

Full coverage by 10 cm lead shielding 
Nitrogen flux inside the shielding 

95% coverage by an active muon veto 
Replacement by an ultrapure copper cathode 

LSC limit 

l.lxlO -7 

39 Ar?, Neutrons?, cosmic activation? 


Table 1. Summary of the different contributions to the background level in the Rol of the 
CAST-MM detectors and the techniques applied to reduce them (table extracted from |20|). A 
detailed description of the measurements and their associated error is given in m- 


understanding of the background sources is summarized in table |3j This model is based on 
in-situ measurements at CAST, tests underground (at the LSC) and at surface, as well as in 
Geant4 simulations. While the contributions from gamma rays, radon and internal radioactivity 
have been reduced to negligible levels, the dominant component is caused by cosmic muons and 
their secondary products, generated after their interaction in the setup components. The origin 
of the events limiting the LSC performance is unknown. Some hypotheses are the /3-decay of 
39 Ar present in the detection medium, neutrons or cosmic activation of the materials. 

The strategy to reduce background at surface level are based on the installation of thicker and 
more compact shielding and in a 4-7r enlarged muon veto system. Pushing the lowest underground 
limit requires a change in the active gas to xenon or neon, or the installation of a neutron 
shielding. These activities are being developed in the context of the R&D phase for the IAXO 
technical design report. 

4. Towards lower energy thresholds 

The efficiency of the x-ray focusing device shifts the signal to lower energies. Even in the 
hadronic axion production mechanism, an important fraction of the signal is at sub-keV energies. 
Moreover, axions could be produced at the Sun via non-hadronic processes at an energy peaking 
around 1 keV m ■ More exotic searches, like paraphotons or chameleons also peak at very low 
energies. These facts motivate the use of sub-keV energy threshold detectors. 

The R&D paths for lowering the energy threshold include: the use of more transparent x- 

































ray windows made out of other materials or different geometries than presently used; other 
gas mixtures with higher gain at the operation point C3I; self-triggered electronic readouts 
to improve the signal-to-noise ratio [121] : calibration at lower energies that will provide new 
analysis tools based on the dependence of the event topology on the x-ray energy (see |20] for 
more details). 

5. Conclusions 

The Micromegas detectors in CAST have reduced their background level by more than two 
orders of magnitude in the last decade, reaching values below 10 -6 keV _1 cm _2 s _1 . The different 
measurements performed at CAST and at the LSC have allowed to build a background model 
with our understanding of the system. The main contributions have been identified and partially 
or totally reduced. We have presented the open R&D paths for further reducing the remaining 
contributions together with new research paths for lowering the energy threshold of the MM 
detectors. Finally, the best levels achieved in the measurements performed in the LSC motivate 
the use of this technology in IAXO. 
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